Iridoviruses are double-stranded DNA viruses that are severe pathogens of fish and amphibians[@b1]. The family *Iridoviridae* comprises of five genera: *Iridovirus*, *Chloriridovirus*, *Ranavirus*, *Lymphocystisvirus*, and *Megalocytivirus*[@b2]. *Megalocytivirus* is the causative agent of high-mortality diseases in a wide arrange of marine and freshwater fish[@b3]. Based on phylogenetic analyses of the genes encoding the major capsid protein and ATPase, the genus *Megalocytivirus* can be divided into three clusters represented by red sea bream iridovirus (RSIV), infectious spleen and kidney necrosis virus (ISKNV), and turbot reddish body iridovirus (TRBIV)[@b3]. To date, many studies have shown that iridoviruses, mainly *Iridovirus*, *Chloriridovirus*, and *Ranavirus*, can inhibit the synthesis of host proteins, RNA, and DNA, as well as regulating cell apoptosis, modulating host immune responses, and exploiting various intracellular signaling pathways to facilitate viral replication and survival[@b1]. However, the infection mechanism employed by megalocytiviruses is largely unknown. Nevertheless, some megalocytivirus genes have been found to encode functional proteins that inhibit the activation of nuclear factor-κB and interferon (IFN)-γ, impair host integrin-linked kinase signaling, suppress cytokine signaling, and induce cell apoptosis[@b4][@b5][@b6][@b7][@b8][@b9].

MicroRNAs (miRNAs) play important roles in the post-transcriptional regulation of gene expression. They have been linked to cellular differentiation, innate immunity, apoptosis, and oncogenic transformation, as well as many other cell-fate 'decisions'[@b10]. Evidences indicate that miRNAs may be potentially ideal mediators, allowing for viruses to escape the host immune system[@b10][@b11]. Viral miRNAs can contribute to immune evasion indirectly, by lowering the levels of viral proteins and consequently reducing antigenicity, or directly, by suppressing components of the host immune response, such as factors that promote apoptosis or help to recruit immune effector cells to virus-infected cells[@b12][@b13][@b14][@b15][@b16][@b17]. Importantly, viruses have also evolved the ability to degrade, boost, or hijack cellular miRNAs to facilitate viral infection[@b18][@b19][@b20]. However, most knowledge of miRNAs has been gained through studies of mammalian models, and studies of both host and viral miRNAs in teleosts, especially at the functional level, are very limited.

Japanese flounder (*Paralichthys olivaceus*) is a teleost species with high economic values that is widely farmed in China and other countries. In our previous study, we discovered 121 differently expressed flounder miRNAs associated with megalocytivirus infection using high-throughput sequencing[@b21]. Bioinformatics analysis showed that the target genes of these miRNAs were grouped mainly into the categories of immune response, signal transduction, and apoptotic process. In the present study, we identified one of these miRNAs, pol-miR-731, that was closely associated with the early stage of megalocytivirus infection. We further investigated the role of pol-miR-731 in viral replication, the Type I interferon response, cell apoptosis, and cell cycle arrest.

Results
=======

Expression profiles of flounder miRNAs during the early stage of megalocytivirus infection
------------------------------------------------------------------------------------------

In a previous study, we identified 219 differentially expressed host miRNAs (≥1.2 fold and *P* \< 0.05) in flounder infected with megalocytivirus for 14 days (2 dpi, 6 dpi, 10 dpi, and 14 dpi). In this and previous studies, 1 to 7 dpi was defined as the early stage of megalocytivirus infection, in which the fish showed no apparent clinical signs. To investigate the roles of flounder miRNAs in the early stage of megalocytivirus infection, we selected 47 miRNAs upregulated (≥1.2 fold and \>500 copies) at 2 dpi and 6 dpi and examined their expression profiles during megalocytivirus infection at more close-spaced time points (0 dpi, 1 dpi, 2 dpi, 3 dpi, 4 dpi, 5 dpi, and 6 dpi). The results showed that the miRNAs exhibited dynamic changes in expression ([Fig. 1A](#f1){ref-type="fig"}). Five main types of expression patterns were identified, including expression increased/decreased with time, expression increased/decreased first and then decreased/increased, and diphasic expression. The expression levels of 17 miRNAs were significantly (≥2 folds and *P* \< 0.01) altered at 1 dpi to 6 dpi compared to 0 dpi. Of these miRNAs, 8 were upregulated and 9 were downregulated ([Fig. 1B](#f1){ref-type="fig"}; [Table S1](#S1){ref-type="supplementary-material"}).

Effect of flounder miRNA on viral replication
---------------------------------------------

Of the 8 miRNAs significantly upregulated at the early infection stage, we examined their effects on viral replication. For this purpose, flounders were infected with megalocytivirus in the presence or absence of the agomir of each of the 8 miRNAs, and viral replication in spleen at 1 dpi to 6 dpi was determined. The results showed that pol-miR-183, pol-miR-155, and pol-miR-221-3p significantly inhibited viral replication from 4 dpi to 6 dpi, 3 dpi to 6 dpi (except for 5 dpi), and 5 dpi to 6 dpi respectively; pol-miR-731 and pol-let-7f significantly enhanced viral replication from 3 dpi to 6 dpi and 5 dpi to 6 dpi, respectively; pol-miR-456 significantly promoted viral replication at 3 dpi and reduced viral replication at 5 dpi and 6 dpi; pol-miR-204 and pol-miR-221-5p had no effect on viral replication ([Fig. 2A](#f2){ref-type="fig"}). pol-miR-731 caused 2.0--2.5-fold increase in virus titer from 3 dpi to 5 dpi, and pol-miR-456 caused 2.4 fold increase in virus titer at 3 dpi. Conversely, pol-miR-155 suppressed viral replication by 3.1-fold at 4 dpi, and pol-miR-183 suppressed viral replication by 2.1--2.6 fold from 4 dpi to 6 dpi. Since pol-miR-731 strongly increased viral replication, we further compared the effects of its agomir and antagomir on viral replication. The results indicated that in contrast to pol-miR-731 agomir, pol-miR-731 antagomir significantly reduced viral replication by 2.8 fold and 3.3 folds at 4 dpi, and 5 dpi, respectively ([Fig. 2B](#f2){ref-type="fig"}). No apparent effect was observed with agomir negative control or antagomir negative control.

pol-miR-731 expression correlates with viral replication
--------------------------------------------------------

qRT-PCR analysis showed that the level of pol-miR-731 increased with time during megalocytivirus infection, and rose markedly from 3 to 4 dpi ([Fig. 2C](#f2){ref-type="fig"}). Likewise, after a lag at 1--3 dpi, viral replication increased dramatically from 3 to 5 dpi. There were significant positive correlations between pol-miR-731 levels and viral numbers at 3 and 4 dpi ([Fig. 2D](#f2){ref-type="fig"}).

pol-miR-731 specifically suppresses the expression of IRF7 and p53
------------------------------------------------------------------

In our previous study, *in silico* analysis showed that pol-miR-731 potentially targeted 11 flounder genes, i.e. CC chemokine-like molecule, CD40, complement component 1 q subcomponent gamma polypeptide, goose-type lysozyme, granulocyte colony-stimulating factor, IRF7, IRF8, Mn-superoxide dismutase, Mullerian inhibiting substance, p53, phospholipase C, and tumor necrosis factor receptor-1[@b21]. To identify the actual target of pol-miR-731, flounders were infected with megalocytivirus in the presence of pol-miR-731 agomir or pol-miR-731 antagomir, and the expression levels of all potential target genes in spleen were determined by qRT-PCR. pol-miR-731 agomir significantly inhibited the expression of IRF7 and p53 but had no apparent effect on the expression of other genes ([Fig. 3A](#f3){ref-type="fig"}). In contrast, pol-miR-731 antagomir significantly upregulated the expression of IRF7 and p53 ([Fig. 3A](#f3){ref-type="fig"}). Consistently, western blot showed that pol-miR-731 agomir and antagomir reduced and increased, respectively, protein levels of IRF7 and p53 ([Fig. 3B](#f3){ref-type="fig"}).

To examine whether the above observed effect of pol-miR-731 resulted from direct interaction between the miRNA and the 3′UTRs of IRF7 and p53, the reporter plasmids pMIR-IRF7 3′-UTR and pMIR-p53 3′-UTR were created, containing firefly luciferase reporter linked to the 3′-UTRs of IRF7 and p53 respectively. pol-miR-731 mimic and the reporter plasmid were co-transfected into 293T cells. Luciferase activity was significantly reduced in cells transfected with pol-miR-731 mimic plus pMIR-IRF7 3′-UTR or pMIR-p53 3′-UTR ([Fig. 3C](#f3){ref-type="fig"}). In contrast, luciferase activities in 293T cells co-transfected with the reporter plasmids and pol-miR-731 mimic-Mut, a mutated pol-miR-731 mimic, were comparable to control cells ([Fig. 3C](#f3){ref-type="fig"}). We further investigated the specificity of pol-miR-731 for IRF7 and p53 using the plasmids pMIR-IRF7 3′-UTR-Mut and pMIR-p53 3′-UTR-Mut, containing mutated IRF7 3′-UTR and p53 3′-UTR, in which the sequences of IRF7 3′-UTR and p53 3′-UTR complementary to the seed region of pol-miR-731 were altered ([Fig. 3D](#f3){ref-type="fig"}). No significant change in luciferase activity was detected in 293T cells transfected with pol-miR-731 mimic plus pMIR-IRF7 3′-UTR-Mut or pMIR-p53 3′-UTR-Mut, compared with the control cells ([Fig. 3C](#f3){ref-type="fig"}).

In addition to the above *in vitro* studies, we also compared the *in vivo* expression levels of pol-miR-731 and its target genes during viral infection. Expression levels of pol-miR-731 were negatively correlated with expression levels of IRF7 (r = −0.52 and *P* \< 0.05) and p53 (r = −0.41 and *P* \< 0.05) in flounders infected with megalocytivirus ([Fig. 3E,F](#f3){ref-type="fig"}).

pol-miR-731 disrupts megalocytivirus-induced Type I IFN response
----------------------------------------------------------------

IRF7 is an interferon regulatory factor, and we therefore determined if pol-miR-731 affected the type I IFN response through IRF7. pol-miR-731 agomir and antagomir respectively inhibited and promoted IFN expression at both the mRNA and protein levels in megalocytivirus-infected flounders ([Fig. 4A,B](#f4){ref-type="fig"}). qRT-PCR analysis of the expression of IFITIM1, ISG15, Mx, and viperin, which are known IFN-stimulated genes (ISGs) in teleosts[@b22][@b23][@b24], showed that all four genes were significantly downregulated by pol-miR-731 agomir ([Fig. 4C](#f4){ref-type="fig"}). In contrast, the expression levels of all examined ISGs, except for IFITIM1, were significantly upregulated by pol-miR-731 antagomir ([Fig. 4C](#f4){ref-type="fig"}). To examine whether the effect of pol-miR-731 could be rescued by IRF7 overexpression, flounders were administered pol-miR-731 agomir plus the plasmid pCNIRF7, which expresses IRF7 in fish ([Fig. S1](#S1){ref-type="supplementary-material"}), or the control plasmid pCN3. Type I interferon expression levels in fish administered pol-miR-731 agomir plus pCNIRF7 were comparable to levels in control fish and significantly higher than those in fish administered pol-miR-731 agomir alone or pol-miR-731 agomir plus pCN3 ([Fig. S2A](#S1){ref-type="supplementary-material"}). Western blotting indicated that IFN production in fish administered pol-miR-731 agomir plus pCNIRF7 was higher than that in fish administered pol-miR-731 agomir or pol-miR-731 agomir plus pCN3 ([Fig. S2A](#S1){ref-type="supplementary-material"}). Consistently, ISG expression levels were significantly higher in fish administered pol-miR-731 agomir plus pCNIRF7 ([Fig. S2B](#S1){ref-type="supplementary-material"}).

To verify the specificity of pol-miR-731 for the IFN response, we co-transfected pol-miR-731 mimic into FG-9307 cells with pGL3-IFNp, a luciferase reporter of IFN promoter activity. Subsequent luciferase assay showed that pol-miR-731 mimic significantly inhibited the luciferase activity of pGL3-IFNp ([Fig. 4D](#f4){ref-type="fig"}). However, luciferase activity was significantly increased when FG-9307 cells were transfected with pGL3-IFNp and pol-miR-731 mimic with pCNIRF7 rather than the control plasmid pCN3 ([Fig. 4D](#f4){ref-type="fig"}).

pol-miR-731 inhibits megalocytivirus-induced apoptosis
------------------------------------------------------

Annexin V-PI assay revealed that apoptosis of splenocytes was significantly increased at 4 and 6 dpi in flounders infected with megalocytivirus ([Fig. 5A](#f5){ref-type="fig"}). Given that pol-miR-731 inhibited the expression of p53, which is involved in apoptosis, we examined whether pol-miR-731 had any effect on megalocytivirus-induced apoptosis. The presence of pol-miR-731 agomir in flounders infected with megalocytivirus reduced the ratio of apoptotic splenocytes by 1.3-fold compared with control fish, whereas the presence of pol-miR-731 antagomir increased the ratio of apoptotic splenocytes by 1.2-fold ([Fig. 5B,C](#f5){ref-type="fig"}). However, when the plasmid pCNp53, which expresses p53 in fish ([Fig. S1](#S1){ref-type="supplementary-material"}), was co-present with pol-miR-731 agomir, splenocyte apoptosis was significantly increased to a level comparable to that in control fish ([Fig. S3](#S1){ref-type="supplementary-material"}). The control plasmid pCN3 had no apparent effect. These results suggested that the effect of pol-miR-731 was mediated through p53. Given that Bax is a target gene of p53 and is known to be an important effector of apoptosis[@b25][@b26], we determined Bax expression under different conditions. pol-miR-731 agomir significantly inhibited the expression of Bax, whereas pol-miR-731 antagomir significantly upregulated it ([Fig. 5D](#f5){ref-type="fig"}). We further investigate the effect of pol-miR-731 *in vitro*, by transfecting FG-9307 cells with pol-miR-731 mimic or pol-miR-731 mimic plus pCNp53, and measuring Bax expression in the transfectants. Bax expression was significantly inhibited in cells transfected with pol-miR-731 mimic, but significantly increased in cells transfected with pol-miR-731 mimic plus pCNp53 ([Fig. 5E](#f5){ref-type="fig"}).

pol-miR-731 blocks megalocytivirus-induced cell cycle arrest
------------------------------------------------------------

In addition to its role in apoptosis, p53 is also a key player in cell cycle control. We therefore investigated the potential role of pol-miR-731 in the cell cycle by examining the impact of megalocytivirus infection on cell cycle progression, and showed that cell cycle arrest increased significantly as infection progressed ([Fig. 6A](#f6){ref-type="fig"}). To examine the effect of pol-miR-731 on the cell cycle, cell cycle progression was determined in flounders infected with megalocytivirus in the presence or absence of pol-miR-731 agomir or pol-miR-731 antagomir. pol-miR-731 agomir significantly reduced the number of splenocytes that stayed in G1 and G2 phases ([Fig. 6B,C](#f6){ref-type="fig"}), while pol-miR-731 antagomir significantly increased the number of splenocytes in G1 phase ([Fig. 6B,C](#f6){ref-type="fig"}). To verify that the effect of pol-miR-731 was realized through p53, pCNp53 was co-administered with pol-miR-731 agomir to megalocytivirus-infected flounders. The presence of pCNp53, but not the control plasmid pCN3, counteracted the effect of pol-miR-731 agomir on cell cycle arrest ([Fig. S4](#S1){ref-type="supplementary-material"}). qRT-PCR analysis indicated that pol-miR-731 agomir significantly inhibited p21 expression, which is known to be regulated by p53 and is essential to cell cycle arrest[@b25][@b27], whereas pol-miR-731 antagomir significantly upregulated p21 expression ([Fig. 6D](#f6){ref-type="fig"}). Consistent with the above *in vivo* results, *in vitro* analysis indicated that p21 expression was significantly downregulated in FG-9307 cells transfected with pol-miR-731 mimic, but significantly upregulated in cells transfected with pol-miR-731 mimic plus pCNp53 ([Fig. 6E](#f6){ref-type="fig"}).

Overexpression of IRF7 and p53 abrogates the effect of pol-miR-731 on viral replication
---------------------------------------------------------------------------------------

As noted above, pol-miR-731 promoted megalocytivirus replication. To determine if this effect of pol-miR-731 was dependent on IRF7 and p53, megalocytivirus-infected flounders were treated with pol-miR-731 agomir in the presence of pCNIRF7, pCNp53, or both pCNIRF7 and pCNp53. Compared with viral numbers in fish treated with pol-miR-731 agomir alone, numbers in fish treated with pol-miR-731 agomir plus pCNIRF7, pCNp53, and pCNIRF7 + pCNp53 were significantly reduced to levels similar to those in untreated fish ([Fig. 7](#f7){ref-type="fig"}). In contrast, viral numbers in fish treated with pol-miR-731 agomir plus the control plasmid pCN3 were comparable to those in fish treated with pol-miR-731 agomir.

Discussion
==========

Host miRNA expression is profoundly influenced by viral infection, providing a potential mechanism for host antiviral defense, or for viral manipulation of the host system[@b28][@b29]. Recent studies in higher vertebrates showed that viruses have evolved various strategies to evade or utilize host miRNAs to benefit the viral life cycle[@b10][@b18]. For example, herpesvirus saimiri and mouse cytomegalovirus degrade host miRNA miR-27 to facilitate viral replication[@b30], and hepatitis C virus can hijack miR-122 to regulate viral replication[@b31]. Meanwhile, in invertebrate, some studies also found that virus (such as ascovirus) can manipulate host miRNAs expression to facilitate viral colonization[@b32]. Thus, it is believed that miRNA-mediated regulatory mechanism is an effective way for virus to persist in host[@b33][@b34][@b35]. However, no similar studies have been carried out in lower vertebrates, including teleosts. We previously identified 59 host miRNAs that were differentially expressed in flounders infected with megalocytivirus for 1--6 days, whereas viral miRNAs were scarce[@b21], raising the interesting question of whether host miRNAs may be involved in the early stage of viral infection, as observed with human cytomegalovirus, which employs host miRNAs to promote viral latency[@b33]. In this study, we therefore investigated eight flounder miRNAs that were significantly upregulated in the early stage of megalocytivirus infection, among which pol-miR-731 was found to promote viral replication most effectively at 3--5 dpi *in vivo*. To the best of our knowledge, this is the first observation of a host miRNA induced by a virus serving as a positive regulator of viral replication in teleosts. qRT-PCR analysis indicated that pol-miR-731 expression in flounders was significantly stimulated by megalocytivirus at 4 and 5 dpi, similar to a previous observation of miR-731 expression in rainbow trout infected with viral hemorrhagic septicemia virus[@b36]. These observations suggest that miR-731 may play an important role in the early stage of viral infection.

Type I IFN response is the principal response that mediates antiviral innate immunity[@b37][@b38][@b39]. To date, 36 Type I IFN-regulated miRNAs have been reported in mammalian systems, targeting genes encoding components of Type I IFN pathway[@b40]. Porcine reproductive and respiratory syndrome virus is known to promote infection by upregulating miR-30c, which impairs IFN signaling[@b41], and enterovirus-71 evades the host innate immune response by downregulating the expression of miR-526a, which positively regulates Type I IFN production[@b42]. Kaposi's sarcoma-associated herpesvirus encodes miR-K12-11, which attenuates the IFN response by decreasing I-kappa-B kinase (IKKε)-mediated IRF3/IRF7 phosphorylation and inhibiting the activation of IKKε-dependent ISGs[@b43]. Although IRF7 is a master regulator of the type-I IFN response, there is no documented evidence of miRNAs directly targeting IRF7. In the current study, we found that pol-miR-731 agomir and pol-miR-731 antagomir significantly downregulated and upregulated, respectively, the expression of IRF7 *in vivo* at both the mRNA and protein levels, and demonstrated a negative correlation between pol-miR-731 and IRF7 expression levels. Under *in vitro* conditions, pol-miR-731 mimic inhibited transcription of the luciferase reporter gene linked to the 3′-UTR of IRF7, but only if the 3′-UTR sequence complementary to the seed region of pol-miR-731 was intact. These results suggest that pol-miR-731 negatively regulates IRF7 by direct and specific interaction with the 3′-UTR of IRF7. In line with this conclusion, qRT-PCR analysis indicated that the expression of IFN and ISGs, which were induced by megalocytivirus, were significantly downregulated and upregulated by pol-miR-731 agomir and pol-miR-731 antagomir, respectively, while overexpression of IRF7 abolished the effect of pol-miR-731 on IFN and ISGs. Furthermore, pol-miR-731 mimic reduced the promoter activity of IFN in transfected flounder cells *in vitro*, whereas overexpression of IRF7 rescued the inhibition caused by pol-miR-731 mimic. Overall, these results indicate that pol-miR-731 inhibits the megalocytivirus-triggered type I IFN response by targeting IRF7, which represents a novel regulatory mechanism of virus-induced miRNA in teleost. It is possible that miR-731, like mammalian miR-146a and miR-155 that block type I IFN signaling[@b44][@b45], may negatively regulate the Type I IFN response as a part of the host protection mechanism to restrict the Type I IFN response at an appropriate level and duration.

Teleost miR-731 molecules are orthologs of mammalian miR-425 and share the same seed sequence[@b36]. miR-425 is known to be involved in gastric carcinogenesis, and inhibition of miR-425 in HGC-27 cells not only reduced cell proliferation and cell cycle progression but also impaired cell migration and invasion[@b46]. However, the working mechanism of miR-425 is obscure. We found that pol-miR-731 targeted both IRF7 and p53. As for IRF7, pol-miR-731 inhibited p53 expression in a manner that required the sequence in the 3′-UTR of p53 complementary to the seed region of pol-miR-731, suggesting that the inhibitory effect of pol-miR-731 was mediated by direct binding of the miRNA to the target gene. p53 protein plays vital roles in both apoptosis and cell cycle arrest. Previous reports have shown that miRNAs can regulate the p53 pathway to mediate virus--host interactions. In mammals, hepatitis B virus downregulates miR-122 to promote the expression of cyclin G1, which specifically interacts with p53 to abrogate p53-mediated inhibition of viral replication[@b47]; Kaposi sarcoma-associated herpes virus utilizes miR-K1 to target p21 and prevent cell-cycle arrest activated by the DNA-damage response through p53[@b48]. In teleosts, the TRAF protein encoded by ORF111L of ISKNV was shown to cause caspase 8-mediated apoptosis in mandarin fish and zebrafish[@b5], though the involvement of p53 was unclear. Virus-induced cell cycle arrest has not previously been documented in teleosts. In our study, megalocytivirus infection in flounders induced apparent splenocyte apoptosis and cell cycle arrest, both of which were significantly reduced by pol-miR-731 agomir and increased by pol-miR-731 antagomir, while the inhibitory effects of pol-miR-731 agomir on apoptosis and cell cycle were counteracted by overexpression of p53. These results indicate that pol-miR-731 negatively regulates apoptosis and cell cycle arrest by suppressing p53 expression. In line with these observations, *in vitro* studies in FG-9307 cells showed that pol-miR-731 mimic significantly downregulated the expression of the p53 target genes Bax and p21, confirming the negative regulatory role of pol-miR-731 on the p53 pathway.

Viral loads in megalocytivirus-infected flounders *in vivo* were significantly increased by treatment with pol-miR-731 agomir, while viral loads were similar to those in untreated control fish when infected flounders were treated with pol-miR-731 agomir plus pCNIRF7 or pCNp53, indicating that overexpression of IRF7 or p53 completely abrogated the effect of pol-miR-731 on viral replication. These results indicate a causal link between the inhibitory effect of pol-miR-731 on IRF7/p53 and the promoting effect of pol-miR-731 on viral infection.

In summary, we identified a novel immune-evasion mechanism employed by megalocytivirus, which involves regulation of the expression of a host miRNA. Megalocytivirus infection upregulates miR-731 expression, which in turn suppresses the expression of IRF7 and p53. Suppression of IRF7 and p53 subsequently leads to inhibition of the type I interferon response, cellular apoptosis, and cell cycle arrest, resulting in increased viral replication during the early stage of infection. Based on these observations, we propose a model delineating the role of pol-miR-731 in virus--host interaction ([Fig. 8](#f8){ref-type="fig"}). These results provide the first evidence for a teleost miRNA exerting profound impacts on multiple biological processes by negatively regulating both IRF7- and p53-mediated pathways. Furthermore, the natural inhibitory function of a host miRNA is shown to be exploited by a virus to counteract the host antiviral immune defense mechanism and facilitate viral infection.

Materials and Methods
=====================

Ethics statement
----------------

All protocols for experiments involving live animals conducted in this study were approved by the Ethics Committee of the Institute of Oceanology, Chinese Academy of Sciences (Shandong, China), and the experiments were carried out in accordance with the approved protocols.

Fish maintenance
----------------

Clinically healthy Japanese flounder (weighing about \~13.6 g) were purchased from a local fish farm and maintained at 22 °C in aerated seawater. Fish were acclimatized in the laboratory for 2 weeks before the experiments and were confirmed to be pathogen-free by examination of bacteria and megalocytivirus in the blood, liver, kidney, and spleen of randomly sampled fish, as reported previously[@b49]. For tissue collection, fish were euthanized with an overdose of tricaine methanesulfonate (Sigma, St. Louis, MO, USA).

Quantitative real-time reverse transcription PCR (qRT-PCR)
----------------------------------------------------------

To examine miRNA expression, miRNAs were extracted from spleen and reverse transcripted, and qRT-PCR was carried out as reported previously[@b21]. The expression of pol-miR-371 target genes and immune genes in spleen were investigated by qRT-PCR, elongation factor-1-α (EF1A) as an internal control[@b50]. The relative mRNA levels of target genes were transformed into log values, which were used to draw the heat map with Java TreeView v1.1.6 software (Alok Saldanha, Sourceforge.net, USA). All experiments were performed three times.

Antibody preparation and western blot
-------------------------------------

To prepare recombinant IRF7 (rIRF7) and p53 (rp53), the coding sequences of flounder IRF7 and p53 were amplified by PCR with primers F1/R1 and F2/R2, respectively ([Table S1](#S1){ref-type="supplementary-material"}), and the PCR products were inserted into pET259[@b51] at the SwaI site. The proteins were expressed, purified, and cleared of endotoxin as reported previously[@b51]. Mouse antibodies against rIRF7 and rp53 were prepared as reported previously[@b51] and purified using ProteinA/G Beads (Solarbio, Beijing, China).

IRF7 and p53 production in flounder spleen were examined by western blotting. Flounders were infected with megalocytivirus as described above for 4 days, after which the spleen protein were prepared as reported previously[@b51]. Then, proteins were subjected to 12% SDS-PAGE and transferred onto polyvinylidene difluoride membranes (Millipore, Watford, UK). The following steps were carried out according to previous study[@b51], of which the mouse antibodies against rPoIRF7 (1/4000 dilution) or rPop53 (1/2000 dilution) were used. Finally, protein bands were visualized using enhanced chemiluminescence Western Blotting Substrate (Promega, Madison, WI, USA).

miRNA mimic, agomir, and antagomir
----------------------------------

pol-miR-731 mimic and pol-miR-731 mimic-Mut, which is pol-miR-731 mimic with the seed sequence mutated to its complementary sequence, were synthesized by RiboBio (Guangzhou, China). The negative control, mimic control, was designed and synthesized by the same company. miRNA agomirs and antagomirs are chemically engineered oligonucleotides especially suitable for *in vivo* use. pol-miR-731 agomir and pol-miR-731 antagomir and their negative controls were synthesized by Genepharma (Shanghai, China). The sequences of the mimic, mimic control, agomir, and antagomir used in these studies have been listed in [supplementary Table S2](#S1){ref-type="supplementary-material"}.

Plasmid construction
--------------------

The plasmids pMIR-IRF7 3′-UTR and pMIR-p53 3′-UTR contain the firefly luciferase gene with its 3′-untranslated region (UTR) replaced by the 3′-UTRs of IRF7 and p53, respectively. The 3′ UTR of flounder IRF7 and the 3′-UTR of flounder p53 were amplified by PCR with the primer pairs F3/R3 and F4/R4 ([Table S3](#S1){ref-type="supplementary-material"}), respectively. The PCR products were inserted into the luciferase vector pMIR-REPORTER (AmBio, Life Technologies, USA) at the Spe I/Hind III sites, resulting in pMIR-IRF7 3′-UTR and pMIR-p53 3′-UTR, respectively. pMIR-IRF7 3′-UTR-Mut and pMIR-p53 3′-UTR-Mut are identical to pMIR-IRF7 3′-UTR and pMIR-p53 3′-UTR, respectively, except that the sequences of the 3′-UTRs of IRF7 and p53 complementary to pol-miR-731 seed sequence were mutated to their complementary sequences by overlap PCR. To construct pGL3-IFNp, the promoter region of flounder Type I IFN was amplified (634 bp to -1 bp) with primers F5/R5 ([Table S3](#S1){ref-type="supplementary-material"}), and the PCR product was inserted into the Mlu I/Hind III sites of pGL3 (Promega, Madison, USA), a luciferase reporter vector providing a basis for the quantitative analysis of factors that potentially regulate gene expression. To construct pCNIRF7 and pCNp53, which were designed to express flounder IRF7 and p53, respectively, in fish, the coding sequences of flounder IRF7 and p53 were amplified with primer pairs F1/R1 and F2/R2 ([Table S3](#S1){ref-type="supplementary-material"}), respectively, and inserting the PCR products into the eukaryotic expression vector pCN3[@b22] at the EcoRV site. All plasmids were confirmed by sequencing.

Cell culture and transfection
-----------------------------

FG-9307, a cell line established from Japanese flounder gill cells[@b52], were cultured at 24 °C in L-15 (Thermo Scientific HyClone, USA) containing 20% fetal bovine serum (FBS) (Gibco, Invitrogen Corp., Carlsbad, USA). 293T human embryonic kidney epithelial cells (CBTCCCAS, Shanghai, China) were cultured in DMEM (Invitrogen, Grand Island, USA) supplemented with 10% FBS in a humidified atmosphere of 37 °C and 5% CO~2~. Flounder splenocytes were prepared by removing the spleen aseptically, washing with PBS, and dicing. Spleen cells were released by trituration using 100 μm nylon tamis cellulaire (BD Falcon, USA). Erythrocytes in the cell preparation were lysed with Red Blood Cell Lysis Buffer (Solarbio, Beijing, China) three times on ice. The splenocytes were then resuspended in L15 medium containing 10% FBS.

Transfection was performed as reported previously[@b53]. The cells were co-transfected with 500 ng of plasmid (pMIR-IRF7 3′-UTR, pMIR-p53 3′-UTR, pMIR-IRF7 3′-UTR-Mut, or pMIR-p53 3′-UTR-Mut) and 20 pmol of the synthesized miRNA (pol-miR-731 mimic, pol-miR-731 mimic-Mut, or pol-miR-731 mimic control) using Lipofectamine™ 2000 (Invitrogen, Carlsbad, USA) according to the manufacturer's instructions. Transfection efficiency was monitored by co-transfection with 200 ng pMIR-REPORT β-gal control vector (Promega, Madison, USA). Different cultures of FG-9307 cells were transfected using Lipofectamine 2000 as follows: (i) cells were transfected with 30 pmol pol-miR-731 mimic or mimic control to determine the effect of pol-miR-731 on cell apoptosis and cell cycle arrest; (ii) cells were co-transfected with 30 pmol pol-miR-731 mimic and 200 ng pCN3 or pCNp53 to determine the effect of pol-miR-731 on apoptosis and cell cycle arrest through p53; (iii) cells were co-transfected with 300 ng pGL3-IFNp, 200 ng pSV-β-Galactosidase control vector, and 30 pmol pol-miR-731 mimic or mimic control to determine the effect of pol-miR-731 on IFN response; or (iv) cells were transfected with 30 pmol pol-miR-731 mimic mixed with 300 ng pGL3-IFNp, 200 ng pSV-β-Galactosidase control vector, and 200 ng pCNIRF7 or pCN3 to determine the dependence of the pol-miR-731 activity on IRF7.

Luciferase reporter assays
--------------------------

To determine the interaction between pol-miR-731 and 3′ UTRs of flounder IRF7 and p53, 293T cells were transfected with plasmids and miRNA as described above for 24 h. The cells were then lysed, and luciferase activity was measured using a Dual-Light reporter gene assay system (Life Technologies, USA) according to the manufacturer's instructions. The results of the luciferase activity were corrected by subtracting the values for β-galactosidase. To determine the IFN promoter activity, FG-9307 cells were transfected with pGL3-IFNp as above for 12 h, followed by addition of poly I:C (50 μg/ml) and incubation at 24 °C for 24 h[@b54]. Luciferase and β-galactosidase activities were measured as above. All assays were performed three times.

*In vivo* infection
-------------------

To examine the expression profiles of flounder miRNAs during megalocytivirus infection, flounders were injected intraperitoneally (i.p.) with megalocytivirus RBIV-C1 (10^5^ copies/fish) as described previously[@b21]. Fish (three at each time point) were euthanized at 0, 1, 2, 3, 4, 5, and 6 days post-infection (dpi), and spleens were collected under aseptic conditions and used for examination of miRNA expression and determination of viral loads, as reported previously[@b21]. To determine the effect of the agomirs of 8 flounder miRNAs on viral replication, flounders were injected i.p. with megalocytivirus (10^5^ copies/fish) plus each of the miRNA agomirs (2μg agomir/1 g fish)[@b53]. The fish were re-injected with miRNA agomirs at 1 and 3 dpi to maintain the *in vivo* level of the agomir, as reported previously[@b55]. Spleens were removed from the fish (5/time point) at 1--6 dpi, and used to determine viral copies as above. To examine the effect of pol-miR-731, flounders were infected with megalocytivirus plus pol-miR-731-agomir, pol-miR-731-antagomir, agomir negative control, or antagomir negative control as above, and viral copies in the spleen were determined at 4 dpi, as above. To examine the dependence of pol-miR-731 activity on IRF7 and p53, flounders were injected as above with megalocytivirus plus pol-miR-731-agomir and pCN3, pCNIRF7, or pCN53 (1 μg plasmid/1 g fish) and viral copies in the spleen were determined at 4 dpi, as above. All experiments were performed three times.

Flow cytometry analysis of apoptosis and cell cycle
---------------------------------------------------

To measure apoptosis, flounder splenocytes and FG-9307 cells were treated with fluorescein isothiocyanate (FITC)-conjugated annexin V and propidium iodide (PI) for 15 min in the dark according to the manufacturer's instructions (Majorbio Biotech, Shanghai, China). The cells were then subjected to flow cytometry using a FACSort Flow Cytometer (BD Biosciences, USA). To assess cell cycle arrest, FxCycle PI/RNase Staining Solution (Thermo Fisher Scientific Inc., USA) was used for flow cytometric analysis of the DNA content in fixed cells, according the manufacturer's instructions. Data analysis was performed using FlowJo software 7.6.1 (Tree Star Inc, Ashland, OR, USA).

Statistical analysis
--------------------

Statistical analyses were performed using analysis of variance (ANOVA) in GraphPad Prism 6 (GraphPad Software, Inc. La Jolla, CA, USA).

Importance
----------

Megalocytivirus is a severe fish pathogen. However, the infection mechanism employed by megalocytivirus, especially in relation to immune evasion, remains to be investigated. In this study, we identified a miRNA, pol-miR-731, encoded by Japanese flounder as a target regulated by megalocytivirus to facilitate viral infection. We observed that pol-miR-731 was upregulated by megalocytivirus at the early infection stage and promoted viral replication. pol-miR-731 exerted its effect by direct repression of IRF7 and p53 expression, leading to inhibition of Type I interferon response, apoptosis, and cell cycle arrest. Our study thus revealed a novel immune evasion mechanism of megalocytivirus, and provides the first evidence for the regulation of several biological processes vital to viral infection by a host miRNA. These results further our current understanding of the infection strategy of megalocytivirus and also add new insights into the function of miRNAs in lower and higher vertebrates.
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![Expression profiles of flounder miRNAs during the early stage of megalocytivirus RBIV-C1 infection.\
(**A**) Expression levels of 47 flounder miRNAs at 0--6 days post-viral infection (dpi) are shown in different colors. Each horizontal color bar represents one miRNA, with the name indicated on the right of the bar. (**B**) Scatter plot of expression levels of 47 flounder miRNAs at 1-6 dpi compared with 0 dpi. Red and green spots represent miRNAs that were significantly (*P* \< 0.01 and \>2 fold) upregulated and downregulated, respectively (the names of these miRNAs are indicated in [Table S1](#S1){ref-type="supplementary-material"}).](srep28354-f1){#f1}

![Effects of flounder miRNAs on megalocytivirus RBIV-C1 replication.\
(**A**) Flounders were infected with megalocytivirus in the presence or absence (control) of the agomirs of 8 flounder miRNAs, and viral copies in the spleen were determined at various time points. (**B**) Flounders were infected with megalocytivirus in the presence or absence (control) of pol-miR-731 agomir, pol-miR-731 antagomir, agomir negative control, or antagomir negative control, and viral copies in the spleen were determined at 3, 4band 5 days post-infection (dpi). (**C**) Flounders were infected with megalocytivirus and pol-miR-731expression and viral numbers in spleen were determined at different dpi. (**D**) Positive correlations between viral replication and pol-miR-731 expression level were determined at 3 d post-viral infection (dpi) (green spots) and 4 dpi (red spots). All experiments were performed three times, and values are shown as means ± SEM. \**P* \< 0.05, \*\**P* \< 0.01.](srep28354-f2){#f2}

![Effect of pol-miR-731 on expression of putative target genes.\
(A) Flounders were infected with megalocytivirus RBIV-C1 in the presence of pol-miR-731agomir, pol-miR-731 antagomir, agomir negative control, or antagomir negative control, and the expression levels of 11 potential target genes in spleen were determined by q RT-PCR. (**B**) Flounders were infected with megalocytivirus as in (**A**), and proteins prepared from the spleen were analyzed by immunoblot with antibodies against recombinant IRF7, p53, or EF1A. (**C**) 293T cells were co-transfected with pol-miR-731 mimic, pol-miR-731mimic-Mut, and different reporter plasmids (pMIR-IRF7 3′-UTR, pMIR-p53 3′-UTR, pMIR-IRF7 3′-UTR-Mut, and pMIR-p53 3′-UTR-Mut). Relative luciferase activity was measured after 24 h of transfection. The experiment was performed three times, and values are shown as means ± SEM.\**P* \< 0.05, \*\**P* \< 0.01. (**D**) Schematic diagrams showing pol-miR-731 target sites on the 3′-UTR regions of IRF7 and p53. (**E,F**) Flounders were infected with megalocytivirus, and correlations between mRNA levels of pol-miR-731 and IRF7 (**E**) and p53 (**F**) were examined by Spearman analysis. Values of correlation coefficient (r) and *P* are shown.](srep28354-f3){#f3}

![Effect of pol-miR-731 on Type I interferon (IFN) response.\
(**A,B**) Flounders were infected with megalocytivirus RBIV-C1 in the presence or absence (control) of pol-miR-731 agomir, pol-miR-731 antagomir, agomir negative control, or antagomir negative control, and the expression level of IFN in spleen was determined at mRNA and protein levels at 4 days post-infection (dpi) by qRT-PCR (**A**) and western blot (**B**), respectively. (**C**) mRNA levels of IFN-stimulated genes in the above samples were determined by qRT-PCR. (**D**) FG-9307 cells were transfected with or without (control) pGL3-IFNp plus pol-miR-731 mimic, mimic control, pol-miR-731 mimic + pCNIRF7, or pol-miR-731 + pCN3; the cells were treated with poly I:C, and luciferase activity was measured at 24 h post treatment. All experiments were perforemed three times, and values are shown as means ± SEM. \**P* \< 0.05, \*\**P* \< 0.01.](srep28354-f4){#f4}

![Effect of pol-miR-731 on cell apoptosis.\
(**A**) Flounders were infected with megalocytivirus RBIV-C1, and splenocytes apoptosis was determined by Annexin V-PI assay at various days post-infection (dpi) (upper panel). Lower panel shows the results of one representative experiment. (**B,C**) Flounders were infected with megalocytivirus in the presence or absence (control) of pol-miR-731agomir, pol-miR-731antagomir, agomir negative control, or antagomir negative control, and splenocyte apoptosis was assayed at 4 dpi using Annexin V-PI (**B**). The results of one representative experiment are shown in (**C**). (**D**) Flounders were infected with megalocytivirus as in (**A**), and expression levels of Bax were determined by qRT-PCR. (**E**) FG-9307 cells were transfected with or without (control) pol-miR-731 mimic, mimic negative control, pol-miR-731 mimic plus pCNp53, or pol-miR-731 mimic plus pCN3, treated with 1 μM doxycycline, and Bax expression was determined as above. All experiments were performed three times, and values are shown as means ± SEM.\**P* \< 0.05, \*\**P* \< 0.01.](srep28354-f5){#f5}

![Effect of pol-miR-731 on cell cycle arrest.\
(**A**) Flounders were infected with megalocytivirus RBIV-C1, and splenocytes were examined for cell cycle arrest at various days post-infection (dpi) (upper panel). Lower panel shows the results of one representative experiment. (**B,C**) Flounders were infected with megalocytivirus in the presence or absence (control) of pol-miR-731agomir, pol-miR-731antagomir, agomir negative control, or antagomir negative control, and cell cycle arrest in splenocytes was assayed at 4 dpi by flow cytometry (**B**). The results of one representative experiment are shown in (**C**). (**D**) Flounders were infected with megalocytivirus as in (**B**), and expression levels of p21 were determined by qRT-PCR. (**E**) FG-9307 cells were transfected with or without (control) pol-miR-731 mimic, mimic negative control, pol-miR-731 mimic plus pCNp53, or pol-miR-731 mimic plus pCN3, treated with 1 μM doxycycline, and p21 expression levels in the transfectants were determined as above. All experiments were performed three times, and significant differences in values are indicated by asterisks. \**P* \< 0.05, \*\**P* \< 0.01.](srep28354-f6){#f6}

![Effect of IRF7 and p53 overexpression on pol-miR-731-promoted viral replication.\
Megalocytivirus RBIV-C1-infected flounders were administered with or without (control) pol-miR-731agomir, or with pol-miR-731agomir plus pCN3, pCNIRF7, pCNp53, or pCNIRF7 + pCNp53. The amounts of virus in the spleen were determined at 4 days post-infection. The experiment was performed three times, and significant differences in values are indicated by asterisks. \**P* \< 0.05, \*\**P* \< 0.01.](srep28354-f7){#f7}

![Model of the hijacked function of pol-miR-731 in megalocytivirus RBIV-C1 infection.\
During the early infection stage, megalocytivirus upregulates the expression of pol-miR-731, which in turn inhibits IRF7 and p53 expression, leading to restriction of Type I interferon response and inhibition of apoptosis and cell cycle arrest, respectively, thus promoting megalocytivirus infection. Arrows indicate upregulation; blunt arrows denote inhibition.](srep28354-f8){#f8}
